Water resources from the Columbia River Basin are intensely used for domestic, agricultural, industrial, and hydroelectric generation needs. Water availability in the Pacific Northwest is influenced by several ocean-atmosphere modes of climate variability that occur in the Pacific Ocean. Climate change has the potential to alter these relationships and influence both the volume and timing of streamflow in the snowmelt-dominated tributaries to the Columbia River. Here, the historical influence of climate variability and recent climate warming on the volume and timing of streamflow for 40 tributary streams in the Columbia River Basin of Canada were evaluated. Regional relationships were found between streamflow 
to manage the river for power and flood control. Thus, the future operation of this basin depends, in part, on future water yield in the Canadian portion of the basin. The timing and volume of streamflow, and its sensitivity to climate change, is of widespread importance for both ecologic and economic reasons.
Headwater streamflow in the Columbia Basin is influenced by snow and glacial melt. This regime allows winter precipitation to be temporarily stored and later available to contribute to spring and summer streamflow. This ability to store water through the season is highly sensitive to changes in regional air temperature. In the Canadian portion of the Columbia Basin, air temperatures in the last century have risen by 1.2 to 2°C (Rodenhuis et al. 2007) , with similar or greater changes expected by the year 2050 (PCIC 2013). In general, warmer air temperatures mean less precipitation falls as snow, summer evapotranspiration increases, and, in the long-term, glacier contributions to streamflow decrease. These changes can translate into earlier annual peak streamflow and reduced summer streamflow (Cohen et al. 2000 , Barnett et al. 2005 , Bolch et al. 2010 . A change toward an earlier freshet and center volume of streamflow (the date at which half the annual volume has been discharged) has been observed in streams across western North America; however, the results within the Canadian Columbia Basin were not regionally consistent and the trends not statistically significant (Regonda et al. 2005 , Stewart et al. 2005 ).
In recent decades an apparent disconnect between increases in measured precipitation and annual yield has been observed in many Pacific Northwest streams (Luce et al. 2013 ). Both the PDO and ENSO indices are related to regional climate conditions through statistical and mechanistic associations. As a result, these indices are frequently used as management tools to predict water availability seasons ahead of time (Garen 1992 , Hamlet and Lettenmaier 1999b , Gobena et al. 2013 ). 
Several atmospheric and ocean modes in the North

Methods
Data
Daily mean streamflow data were obtained from the Water Survey of Canada for 42 stations across 40 unregulated rivers in the Columbia Basin of Canada (excluding the Okanagan basin). Years available varied by river, though eight records span more than 75 years (Table 1) . Mean daily temperature and precipitation data were obtained for five Environment Canada climate stations; Golden, Revelstoke, Nakusp, Cranbrook, and Castlegar (Figure 1 ). Since the climate data were incomplete, each region is supplemented with data from ClimateBC (Wang et al. 2012 ). This was achieved through averaging climate station data with ClimateBC data, and filling in missing years with ClimateBC data. ClimateBC uses the Parameter Elevation Regression Independent Slopes Model (PRISM), which produces spatial climate data in complex terrain by incorporating digital elevation models and has the capacity to account for elevation effects such as rain shadows and air temperature inversions (Daly et al. 1997 ). ClimateBC simulates climate variables based on latitude, longitude, and elevation. The modeled output was verified by comparing it to the observed weather station records, correlation coefficients r 2 ranged from 0.75 to 0.95 for mean annual temperature, and from 0.64 to 0.85 for precipitation (not shown). Data for all climate indices were downloaded from the National Oceanic and Atmospheric Administration (NOAA) online
Climate and Weather Data resource (DeBano 2000).
Analyses
Cluster Analyses
Due to the diversity in regional climate across the Canadian Columbia Basin, we separate individual streams into regional groups using Dynamic Time Warping ( Grouping the streams allows regional differences to be explored, and, allows for efficient presentation of the results. Because it is recognized that streams within groups may not behave similarly due to differences in catchment characters, e.g. mean elevation, glacier coverage, aspect, etc., all subsequent statistical analyses were conducted on each stream individually, the results of which are available upon request.
Evaluating changes in yield through time
The specific yield and the shape of the annual hydrograph of the three main phases in North Pacific sea-surface temperature variability, i.e. the cool phase PDO (1947 PDO ( -1976 Changes in streamflow timing were evaluated through changes in the date of the onset of snowmelt, center volume, and peak flow. The date of snowmelt onset and the annual maximum flow are determined using discharge averaged over 10 days to avoid erroneous determinations from precipitation spikes. Snowmelt onset is defined as the date the slope of the moving average discharge increases above 1.
Evaluating the changing statistical relationship between streamflow and Climate Indices
The statistical relationship between stream discharge and the mean October to April PDO, ENSO, and VM were evaluated though Spearman Rank correlation analysis. The analyses were conducted for the full period of record, for the period pre-and post-1980 for reasons described above, and, for the period preand post-1998 to evaluate shifts in streamflow related to the Victorian Model. We use the Chow Test (Chow 1960 ) to determine significant differences between time periods in the relationships between streamflow and climate indices.
In a separate analysis, and because the PDO exerts a statistically significant influence on streamflow volumes in the Columbia Basin, the effects of this climate driver were removed from the raw annual streamflow time-series using regression analysis. Due to the recent changes in the North Pacific sea-surface temperatures and the potential influence of the VM, we also detrend the raw streamflow timeseries using the VM, and, PDO and VM together. The detrended time-series were examined for changes in slope pre-and post-1980 using the Chow Test. The statistical significance of the post-1980 trends of data prewhitened using Yue and Wang (2002) was determined using the Mann-Kendall trend statistic.
Investigating potential cause for streamflow declines
To evaluate the potential role of evapotranspiration on June and July streamflow through a regression model. These months were chosen because the largest declines by magnitude were observed in these months (not shown) and the streamflow in these months is less affected by glacier melt. A conceptual model is used to describe monthly June/July streamflow using climate variables that account for the interannual variability in moisture availability:
Where P1 is the total monthly precipitation in June or July (immediate availability), P2 is the winter precipitation (storage), P3 is fall precipitation of the previous year used as an estimate of antecedent soil moisture, and Q is the early season streamflow (April + May streamflow) used to reflect changes in the timing of streamflow and the loss of snowmelt available for June and July streamflow. This statistical model allowed us to control for the effect of the interannual variability in moisture availability to June and July streamflows so the residual effects due to temperature alone could be evaluated. The residual component from the above equation was then compared to mean monthly temperature and cumulative degree-days over 18°C using Spearman Rank correlation coefficients. Although typically used to track the need for building cooling requirements, this metric was chosen because it is widely and frequently available within climate datasets. Further, degree-days over 18⁰C provides a metric to evaluate the increased number of warm days, the effect of which can be lost when examining only average annual temperatures. It was hypothesized that in higher elevation basins with larger areas of permanent snowpack, the statistical relationship between monthly residual streamflow and monthly temperature would be greater in June and/or July than in low elevation basins, while the relationship to degree-days over 18°C would be negative in all basins in both months due to increases in evapotranspiration.
Results
Cluster Analyses
Five groups were determined based on statistical similarities in streamflow using DTW cluster analysis. These are the North Columbia, Northeast Columbia, Southeast Columbia, West Columbia, and South Columbia (Table 1, Figure 1 ). The Northeast Columbia was further divided into the Northeast and
Northwest Regions due to stronger predictive power by using climate data from either side of the Selkirk
Mountains. Revelstoke climate data was used for streams in the Northwest region and climate data from the Golden station was used for streams in the Northeast region. The Castlegar station was used for the South Columbia regions, the Nakusp station for West Columbia, and the Cranbrook station for the Southeast Columbia region. Because the resulting groups for the 26 streams analyzed were spatially contiguous, the remaining unanalyzed streams with shorter periods of record were grouped based on proximity to streams that were included in the analyses.
The statistical separation of the streamflow data into six regions allows for a regional perspective 
Changes in historical yield
Comparing the mean hydrographs through the last three PDO cycles revealed several interesting changes ( Figure 2 ). The PDO phase from 1947 to 1976 is distinctly different from the two following phases, the PDO warm phase from 1977-1997 and the VM phase from 1998-2011, which are similar. The similarity in streamflows during the warm phase PDO and the VM may arise because the VM is similar to a warm phase PDO above 40 degrees latitude. Example hydrographs for each region using the streams with the longest record are shown in Figure 2 . Comparing the changes form the cool phase PDO (1946 PDO ( -1976 ) to the most recent VM 'warm' phase (1998-2011) we find that mean annual streamflow has declined in most streams, streamflow dropped by 3% in the North, 12% in the Northeast, 9% in the Northwest, 17%
in the West, 11% in the Southeast, and 7% in the South. The mean decrease across the study region was 11% and 16 of the 28 streams analyzed showed significant differences in streamflow between the two time periods at p<0.05 (Table 3 ).
The data also indicated that flow during VM period generally occurred earlier in the year than during the cool phase PDO, and, annual peak and late summer flow volume were lower during the VM period ( Figure 2 ). Changes to an earlier onset of melt, reaching of center volume, and occurrence of peak flow between the two periods analyzed ranged from 0 to 14, 0 to 8, and 0 to 12 days, respectively. The average change in all three metrics of streamflow timing were between 3 and 4 days ( Table 3) .
Changes in monthly streamflow were similar across all streams. From the cool PDO to the VM period March and April streamflow increased by approximately 20% followed by declines from May to
October by up to 25% (Figure 3 ). The average slope of all streamflow time-series from 1980 to 2011 was -2.0 x 10 6 m 3 yr -1 , 14 of the 36 streams showed trends that were significant at p<0.05 (Table 3) .
After removing the effects of climate variability (PDO, VM) on streamflow, 36 of 37 streams indicated declines in streamflow volume post-1980, 29 of which were statistically significant at p<0.05.
Streams with non-significant trends were primarily found in the North and Southeast region. All streams indicated significant changes in coefficients pre-and post-1980 using the Chow Test. Detrended timeseries for representative streams in each region are shown against the raw time-series in Figure 4 , the mean and 2σ standard error for the detrended slope based on regression against VM and PDO independently and together are also shown.
Regional correlations to Pacific Climate Indices
Similar to other studies we found statistically significant relationships between streamflow and the PDO and ENSO ( Table 2 . Spearman rank correlation coefficients between the PDO and streamflow records ranged from -0.53 to 0.12, with Canoe Creek as an outlier at 0.12; the ENSO and streamflow ranged from -0.44 to 0.19, again with Canoe Creek as an outlier. Only two streamflow records showed statistical significance to the VM (Kicking Horse River and Split Creek).
Prior to the 1998 shift in oceanic conditions in the North Pacific, all climate indices had stronger and more significant Spearman Rank correlations to annual streamflow than post-1998 time-series. Post-1998 coefficients were not only weaker; they were often reversed in sign from negative to positive. In addition, fewer individual streams indicated significant correlations to each of the climate indices post-1998 ( Table 2 ). The Chow Test indicated that 23 of 35 streams exhibited significant changes (p<0.1) in correlations to the PDO pre-and post-1980, and 7 additional streams indicated significant shifts post-1998.
For ENSO, no streams indicated significant changes in 1980, and 4 streams indicated significant changes in coefficients post-1998. The relationships between monthly streamflow and climate indices has also changed pre-and post-1998. Prior to 1998, the PDO, and ENSO indicated significant Spearman Rank correlations to streamflow in the summer months, particularly June, July, and August. Post-1998, correlations to summer streamflow for all indices weakened and were non-significant. However, correlations between all indices and April and September flow increased.
Examining the effects of temperature on streamflow
After removing the inter-annual variability of moisture availability to summer streamflow (Equation 1), the residual flows were positively and significantly correlated to mean monthly June temperature in the more northerly regions (North, Northeast), and only to mean monthly July temperatures in the North Columbia (Table 4 ). In both months percent glacier cover, probably as an indicator of basin elevation, was a strong predictor in the relationship between temperature and residual streamflow, in that coefficients were parabolically correlated to percent glacier cover (r 2 = 0.75, June; 0.64, July). Fleming and Dahlke (2014) also found strong parabolic relationships between glacier cover and climate parameters including air-temperature and teleconnections from paired glacier and non-glacier stream analyses in Canada and Norway. In all regions in both months the residual streamflow was negatively correlated to the number of degree-days over 18⁰C, explaining up to 55% of the variability in June with r values ranging from -0.14 to -0.74 in June, and -0.04 to-0.67 in July (Table 4) .
Discussion
Distinct hydrometric changes occurred through the major shifts in Pacific climate modes with the warm phase PDO and the VM being more similar than the cool phase PDO ( Further, the analyses on residual streamflows highlight the regional differences in response to temperature metrics. In the more northern regions warmer temperatures led to increases in streamflow, perhaps due to enhanced snow melt, while in the southerly reaches warmer temperatures led to decreases time period combined with an increase in the length of the summer period resulted in an increase in evapotranspiration by ~50% (Shindler et al. 1996) . This resulted in a decrease in the amount of precipitation available for runoff. In the early 1970's in the ELA 40-50% of the precipitation appeared as runoff, by the late 1980's, only 15-50% of the precipitation was available for runoff (Shindler et al. 1996) .
Simulations of mountain runoff in warming scenarios have also shown decreased streamflow due to evapotranspiration losses (Foster et al. 2016 ). Regional downscaled climate models project increases in high elevation precipitation and snowwater equivalent for the region, which is projected to lead to increases in annual streamflow from the historical (1961 to 1990) baseline by the 2050s (Schnorbus et al. 2011 (Schnorbus et al. , 2014 . However, as of yet, there is no evidence for an increase in streamflow in the region. It is possible that precipitation has increased at higher altitudes increasing annual snow storage alongside. However, recent analyses of lower tropospheric winds over northwestern USA have indicated declines in wind speeds (Luce et al. 2013 ). These results suggest that orographic precipitation may have declined in these regions, affecting streamflows and increasing the discrepancy between low-elevation precipitation records and expected watershed yields (Luce et al. 2013 ). It is difficult to determine whether or not decreasing or increasing precipitation at elevation may explain the trends observed in the Columbia Basin of Canada because high-elevation snow and precipitation records are limited. Snow data is only routinely monitored at or below tree-line, and a large portion of the basin exists above this elevation. Some models suggest that snowpack may be increasing at higher elevations (Schnorbus et al. 2011 ), though, existing snow stations indicate water equivalent has been decreasing through the 1980-2011 period and the snowline has increased in altitude (Ward 2011 ). In summary, changes to snowpack above treeline remains largely unknown and it is unclear how much snow storage may be increasing or decreasing at high altitudes above the snowline.
A final alternative explanation for declining trends in streamflow and the change in the statistical relationships to Pacific climate indices is that the fundamental relationship between these indices and moisture delivery to the basin have changed. Since the 1970's the mid-latitude jet stream has been moving northward, impacting the average storm track in the Pacific Northwest (Hartmann 1983 , Kossin et al. 2014 ). This drift may be responsible for large-scale changes in regional precipitation patterns that have altered streamflow conditions and the statistical relationships between streamflow and Pacific climate indices. Examining the impact of basin-wide land-use change and storm-track trajectories was beyond the scope of this study. However, given the importance of this resource to both the regional ecology and economy, the cause of both decreased flows and altered statistical relationships warrants further study.
Conclusion
Available streamflow and climate data across the Canadian portion of the Columbia Basin indicate that annual streamflow has decreased since 1980. In addition, the statistical relationships between Pacific climate indices (PDO/ENSO) and streamflow showed significant changes pre-and post-1980. Statistically significant relationships between an increase in the number of warm days and decreases in streamflow were also found. These observations are suggestive of a regime shift in the drivers of streamflow in the Canadian Columbia Basin. The nature of these changes is likely related to recent climate change; however, the particular mechanisms, including changes to storm trajectories, evapotranspiration, or snowpack conditions, remain unclear. 
